Abstract-In this article, we study the far-field trapping behavior of dielectric nanospheres with diameter of 200 nm by utilizing a plasmon enhanced far-field nanofocusing lens. Based on our high effect nanofocusing circular plasmonic lens, such a far-field plasmonic trap is constituted by illuminating with a laser to form a sharper focus (subwavelength) due to a constructive interference of cylindrical surface plasmon wave. The nanoparticles can be steadily trapped in the far-field focal region (4.4λ) with an optical force to nanonewton (−4.76 nN) order, and the required optical power is less than 0.5 W. Compared with other surface plasmon tweezers, the proposed far-field plasmonic tweezers can not only avoid physical contact with the trapped particles to prevent contamination and reduce thermal damage effects due to metal absorption, but also enable the easy trapping and manipulation of nanosize dielectric particles owing to nanonewton scale forces.
INTRODUCTION
Since optical tweezers were first introduced by Ashkin in 1970 [1] to trap dielectric beads in lowerrefractive-index media, the optical trap has become an indispensable tool for manipulating micrometerscale objects without any mechanical contact, particularly in the biosciences [2] [3] [4] [5] [6] . Unfortunately, traditional far-field optical traps face trapping size limitations based on the diffraction limits; in particular, considering an object of radius r, the trapping efficiency drops rapidly (following ∼ r 3 law). Therefore, nanoscale objects escape easily because their physical sizes are smaller than the potential well of trap. One can overcome this problem by increasing the optical power to strengthen the trap. However, bio-samples typically undergo quick photo damage at high optical powers.
To overcome diffraction-limited problem, near-field optical manipulation techniques have been developed; these techniques exploit the strong optical forces that can be generated in the near field of surface plasmon (SP) structures [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Metallic plasmonic nanostructures allow deep subwavelength concentration of the light and resonant enhancement of the optical field intensity. It results in the generation of a strong gradient optical force field, which is conducive to obtain strong optical traps. Several studies [20] [21] [22] [23] [24] [25] [26] [27] [28] have recently demonstrated that the plasmonic optical trapping requires illumination power to remain below 10 mW. However, there are some drawbacks. First, because of the evanescent nature of the SP, the SP tweezers can only be used for near-field trapping, which means that the trapped particles will likely have physical contact with the tweezers structures and hence lead to contamination. Second, since it is near-field trapping, near-field thermal effects caused by the absorption of SPs in metal nanostructures cannot be neglected. The thermal effects can limit trapping stability [29] and even cause thermal damage to bio-samples. Recent progress on far-field plasmonic optical trapping [30] can overcome these drawbacks. Unfortunately, the force range available to far-field plasmonic tweezers limits their applicability, with trapping forces usually spanning from subpiconewtons to ∼ 1 pN. This scale is compatible with the forces that individual molecular machines generate [31] , but the mechanical characterization of macromolecules, their assemblies or more complex cellular processes require much larger forces. For example, the forces of protein unfolding, cell adhesion and contraction may be at a nanonewton scale or more, which is beyond the capabilities of this far-field plasmonic optical trap [31, 32] . Therefore, the problem is how to create efficient far-field plasmonic trapping that provides a strong optical force with low illumination power.
Here we present a new approach to create a low power far-field nanonewton plasmonic optical trapping, in which a dielectric surface grating on the circular plasmonic lens [33] is employed to generate a strong subdiffraction-limit focus. This tight subdiffraction-limit focus generates a strong field gradient and enables three-dimensional (3D) optical trapping of nano-sized particles, as illustrated in Fig. 1(a) . Compared to the other far-field plasmonic optical tweezers with weak trapping forces, the trap force created by our plasmonic lens can not only keep all the advantages of other far-field plasmonic optical tweezers, such as avoiding physical contact with trapped particles, but also achieve nanonewton scale in the far field due to high focusing efficiency (733% [33] ), which can be used to complex cellular processes [31, 32] . 
FAR-FIELD NANONEWTON OPTICAL FORCE TRAP STRUCTURE
Our plasmonic lens can be realized by utilizing a dielectric surface grating on the circular plasmonic lens, as shown in Fig. 1(b) . The circular plasmonic lens with several slit rings (w 1,2 = 228 nm, r p = 2.272 µm, r 2 = 3.395 µm) milled into titanium (Ti) film upon the glass substrate excites the cylindrical surface plasmon (CSP) waves. A dielectric layer (α-SiO 2 , refractive index n d = 2.16) upon the Ti film functions as a Fabry-Perot-like resonator and can enhance the focal intensity, smoothing the metallic surface and protecting the Ti thin film from sulfuration or oxidation as well. A circular dielectric grating (ε = 2.4, Λ = 432 nm, a = 202 nm, h = 180 nm) is added topside, acting as a modulation device to extend the subwavelength focus into far field, which modulates CSP waves launched by annular Ti slits so that part of the evanescent components are coupled into the propagation waves to the far-field region to achieve nanofocusing effects by constructive interference [33, 34] .
With this plasmonic lens, a subwavelength focal size of 204 nm (0.38λ) with a focal length about 2.34 µm (4.4λ) at the vacuum wavelength of 532 nm (0.35 W) has been achieved [33] . The focal length and nanoscale focal spot can be adjusted by varying the geometric parameters of this plasmonic lens [33, 34] . In addition, the far-field nanofocusing circular plasmonic lens is characterized by enhanced focusing efficiency (733%) compared with other far-field plasmonic lens. In this sense, this plasmonic lens design can help enhance trapping efficiency by high focusing efficiency to generate a strong field gradient at the focal spot area. Therefore, the trapping force can be increased without further decreasing trapping distance (near field trapping) or increasing the incident optical power, which can help avoid any physical contact with the trapped particles to prevent contamination and decrease the risk of optical damage.
However, it is very tedious to study far-field trapping behavior here by experiments only due to complex thin films coating and nanolithography processes required. Considering this, a theoretical study is carried out here first by means of computational numerical calculations for the purpose of revealing physical picture of far-field trapping behavior by using a circular plasmonic lens. The commercial software "COMSOL Multiphysics 4.3b" is adopted here for the computational calculation and numerical simulation [35] [36] [37] [38] [39] .
SIMULATION RESULTS AND DISCUSSION
The incident light is the radial polarization wave with the vacuum wavelength of 532 nm (0.35 W), impinging from the bottom of the substrate. The gradient of intensity is a necessary condition for the optical traps [2, 28] . First, we calculate the intensity gradient located on the focal spot. The gradients of the electric field intensity distribution are shown in Fig. 2 . The figure indicates that the maximum change rate of the electric field intensity distribution [2, 40] is located at the region of the focal spot, which means that the trapping distance approximates the focal length. Since the nanoscale focal spot can be obtained away from the lens surface, the far-field nano-optical trap may be realized. The radius of the particle is 100 nm, and its refractive index is 1.59. We note that the trapping force can be reduced by reducing the refractive index contrast between the particle and the surrounding medium by placing the particle in a medium such as water. The Maxwell's surface stress tensor (MST, T ) formalism [28, 41, 42] is used to determine the total optical force on a particle. The time averaged T is defined by:
where I denotes the identity matrix; EE * and HH * are the electric and magnetic fields, respectively; ε and μ are the permittivity and permeability of the surrounding medium, respectively. The components of the total time-averaged electromagnetic force F acting on the particle interacting with an optical field can be calculated using a surface integral [28] :
Thus, the total optical force on a particle can be obtained by calculating the electromagnetic fields over the bounding surface around the particle. Fig. 3(a) shows the MST over the surface enclosing the nanoparticle. As the structure rotates symmetrically and the incident light is radially polarized, we j use only a two-dimensional axis symmetry model, which is half of the cross section depicted in Fig. 1 , to clearly show the MST distribution. The direction of radial MST is opposite to r-coordinate, which may push the particle toward the focal spot, while the other directions MST can be transformed to radial and longitudinal direction, respectively. These transformed radial MST is along the r direction, which will pull the particle out of the focal spot. But the transformed radial MST is weaker than the opposite radial MST. It means that the direction of resultant MST will be always opposite to r-coordinate. The transformed longitudinal MST can cause the two opposite forces at the z-coordinate. It should be noted that the opposite MST will be offset in the focal spot. In all the following cases, the nanoparticle is positioned at a certain point (r, z), and the MST method is used to calculate the forces acting on the nanoparticle at this point [39] . This process was repeated over a grid of coordinates for the nanoparticle positions to obtain the force fields. Fig. 3 (b) illustrates that the particle interacts with the normalized intensity of the far-field nanofocusing circular plasmonic lens.
(a) (b) Figure 3 . (a) The MST over the surface enclosing the nanoparticle; (b) interaction of the particle with the normalized intensity of the far-field nanofocusing circular plasmonic lens.
Next, we consider the optical forces generated on a nanometer-size dielectric particle interacting with this intensity distribution. The forces on the particle depend on the position of the particle in the focal spot. Figs. 4 and 5 respectively show the radial (Fr ) and longitudinal (Fz ) forces on a nanoparticle near the focal spot and as a function of the longitudinal and radial distance across the focal spot, respectively. Fig. 4(a) shows that a positive Fz indicates the particle pulled along the z-coordinate and that a negative Fz indicates the particle moving in the opposite direction of the z-coordinate. It should be noted that when the particle is near the focal spot, the negative force approximately equals the positive force, which may limit the particle in the focus area. The reason is that CSP can make the evanescent components coupled into the propagation waves to the far-field region to achieve nanofocusing spot by constructive interference, which causes the alternatively positive and negative stronger longitudinal gradient forces [43] , as shown in Fig. 2(a) and Fig. 3(a) . As a consequence, the Fz approximates zero, and the sign of Fz will be reversed when the nanoparticle approaches the focal spot region. The r component of the force is always negative and achieves nanonewton level, as shown in Fig. 4(b) . This means that there are stronger radial forces, which always push the particle to the optical axis. These results are consistent with prior results in Fig. 3 . Figure 5 (a) indicates that the r component of the force gradually increases as the particle approaches the focal spot. The symmetry of the force plot is a consequence of the symmetric focal spot structure and the polarization symmetry of a radially polarized illumination. Similarly, the larger Fr is caused by the enhanced radial gradient field, as shown in Fig. 2(b) and Fig. 3(a) . It should be noted that due to the high energy focusing efficiency (733%), the intensity of focal spot is much greater than that of other far-field focusing plasmonic structures [33] , which means that the gradient force of focal spot will increase. In this sense, a unique plasmonic lens design can help enhance trapping efficiency by enhancing the gradient force. Therefore, trapping strength can be increased without increasing optical power or further decreasing focal size, where the maximum optical force can be calculated to be −4.76 nN near the focal spot. The trapping potential resulting from the optical forces determines the stability of the optical trap. The trapping potential (U ) of a particle located at r 0 can be directly obtained from [44] :
In principle, a 1 kT trapping potential well is sufficient to overcome the thermal energy of the particle and localize it in the optical trap [45] (k is Boltzmann's constant, and T is the temperature). With this design, the trapping potential of a 100 nm particle is approximately 5.57 kT by using Eq. (3), which results in a stiffer trapping potential. As noted earlier, the optical forces on Rayleigh particles are characterized by an r 3 dependence, where r is the particle radius. Therefore, the trapping potential is approximately 1 kT when the radius of particle is 56 nm, which is the smallest size that can be stably trapped by this design. This result demonstrates that the force drags the particle toward the focal spot, where transverse trapping forces are even stronger. A similar idea was implemented for optical trapping with a fiber-based surface plasmonic lens [30] . However, compared with this far-field trapping structure [30] (the force is 5.9 pN using the same dielectric nanosphere and power), our structure can achieve bigger trapping force. Interestingly, the force can be used to apply localized forces and pressures on nanoscale objects with high precision. Fig. 5(b) illustrates that the Fz lightly oscillating in the whole focal plane and Fz is very small because the negative force is approximately equal to the positive force at z-coordinate, which may remain the particle in the focus plane. Oscillations depend on the beam interference between the coupled SPP wave and diffraction wavelets generated from each ring of the circular grating. 
CONCLUSION
In summary, we have theoretically demonstrated the far-field nanonewton optical trapping force of subwavelength particles by using a far-field nanofocusing circular plasmonic lens. Since the far-field nanofocusing circular plasmonic lens enables high effect nanofocusing, the strong optical trapping force can be obtained. Different from the near-field traps in the vicinity of the surfaces in SP tweezers, our trap can be obtained around 4.4λ away, which can not only directly avoid any physical contact of the trapped samples to prevent contamination, but also reduce the photothermal effects associated with strong absorption of the metal nanostructures. This far-field plasmonic tweezer can not only keep all the advantages of far-field plasmonic optical tweezers, but also exhibit a stronger trapping force, which can achieve a stable 3D trap for nanosize particle by requiring low optical power. Therefore, this farfield plasmonic tweezer has great potential to become a powerful and primary tool for manipulating and sensing nanosize biological specimens.
